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Abstract 
SnxSy films were grown by chemical spray method using aqueous solutions containing SnCl2 and SC(NH2)2 at molar ratio of 
Sn:S= 1:1, 1:2, 1:4 and 1:8 in the temperature interval of  200- 410 °C in air. Films were characterized by XRD, SEM, EDX and 
UV-VIS spectroscopy. According to XRD, films grown below 270 °C were composed of SnS as a main phase independent of 
Sn:S ratio in the parent solution. It has been shown that spray of 1:4 and 1:8 solutions results in thicker films with lower oxygen 
and chlorine content, and lower optical band gap compared to the films from 1:1 and 1:2 solutions.  
 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the SiliconPV 2014 conference. 
Keywords: Chemical spray pyrolysis, thin films, SnS, morphology, optical properties, XRD, SEM, EDX 
1. Introduction 
Tin monosulfide is a promising candidate as an absorbing semiconductor for photovoltaic applications since its 
constituent elements are inexpensive, environmentally-friendly and easily available in nature.  Furthermore, this 
material has appropriate optical properties such as a suitable direct optical bandgap (Eg) in the range of 1.3-1.5 eV 
and a high optical absorption coefficient α >104 cm-1 for use in thin-film solar cells [1]. In spite of these advantages, 
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solar cells based on SnS absorbers have not shown efficiencies higher than 2.46 % [2], which is significantly lower 
compared to the theoretical efficiency of 24% [3]. 
Many dry and solution-based techniques such as chemical vapor deposition [4], radio frequency (RF) sputtering 
[5], physical vapour deposition (PVD) [6], chemical bath deposition (CBD) [7], atomic layer deposition (ALD) [8], 
electrochemical deposition [9] and chemical spray pyrolysis (CSP) have been used to deposit tin sulfide films [10-
22]. The CSP method was chosen for the deposition SnS thin films due to its simplicity and cost effectiveness. 
The effect of growth temperature, the tin and sulfur precursors molar ratio in the spray solution (Sn:S) and the 
effect of post-deposition annealing on the phase and chemical composition, and optical properties of SnS films 
grown by CSP have been investigated in several previous studies [10-23].  Aqueous or alcoholic solutions 
containing stannous chloride (SnCl2) and thiourea (CS(NH2)2) or substituted thiourea ( N,N-diethyl or N,N-dimethyl 
thiourea) have been used for the SnS film deposition by pneumatic CSP. According to the results reported in studies 
listed above, the use of substituted thiourea instead of thiourea does not seriously affect the sprayed film properties.  
It has been demonstrated by several studies that the main parameter influencing the SnS films properties is the 
deposition temperature. The substrate temperature controlled the phase composition of films. For example, 
Koteeswara Reddy et al. [22] have reported that films prepared from the 1:1 solution at temperatures below 300 ˚C 
consisted of a mixture of SnS, Sn2S3 and SnS2 phases, while films grown at Ts~350 ˚C were mainly composed of 
SnS phase. The films deposited at temperatures higher than 360 ˚C contained oxygen in addition to Sn and S [22].  
Commonly, SnS thin films were deposited using the Sn:S molar ratio of 1:1 in the solution [10-16, 19-22]. 
However, it has been shown earlier that the precursors’ molar ratio (Me:S) in the spray solution has strong effect on 
the metal sulfide formation reactions [27], as well as on properties of indium sulfide and zinc sulfide films deposited 
by CSP [28, 29]. It has been found in [18, 20] that the Sn:S molar ratio in the spray solution has  influence on the 
film phase composition. For instance, Sajeesh et al. [18] reported that films deposited by spray of 1:3 and 1:4 
solutions at 375 ˚C consisted of a mixture of SnS2 and SnS phases. At the same time the films obtained by spray of 
1:1 solution at similar temperature contained Sn2S3 phase in addition to SnS, while samples grown from 1:2 
solutions consisted of SnS phase only. It has been reported that elemental composition of the SnS films deposited 
from 1:1 or 1:2 solutions in the temperature interval of 350- 375 ˚C was nearly stoichiometric [10, 12, 13, 18].  
Films prepared at temperatures below 300 ˚C were sulfur-rich with Sn/S < 1, while films formed at temperatures 
over 400 ˚C were sulfur deficient with an average Sn/S > 1.23 [10, 12]. It was demonstrated in [13, 18] that sulfur 
content in the films started to decrease when deposited at temperatures higher than 400 ˚C.  
Despite the fact that the properties of sprayed tin sulfide films were found to depend on the spray solution 
composition and the film growth temperature, a comprehensive study on the effect of the Sn:S ratio in the spray 
solution at different deposition temperatures is missing in the literature. Therefore, in this paper we investigate the 
influence of the precursors (SnCl2 and thiourea) molar ratio on the phase and elemental composition, morphological 
and optical properties of the films deposited by pneumatic CSP method at different growth temperatures.  
2. Experimental details 
SnS films were deposited onto preheated soda–lime glass slides with dimensions of 30 mm × 10 mm × 1 mm by 
pneumatic chemical spray pyrolysis technique. The glass substrates were cleaned by washing in acetone and 
ultrasonically in ethanol for 10 minutes. The precursor solutions were prepared by dissolving dihydrated stannous 
chloride (SnCl2x2H2O) and thiourea (CS(NH2)2, tu) in deionised water containing a few drops of concentrated HCl. 
For all the samples the concentration of the Sn2+ cation in the spray solution was 0.01M and the molar ratio of Sn:S 
was varied from 1:1 to 1:8. Films were prepared by spraying 50 ml solution at various substrate temperatures (Ts) in 
the range of 200- 410 ˚C in air. Distance of spray head from the substrate was 29 cm, the solution spray rate was 
maintained close to 3 ml/min, and flow rate of compressed air as carrier gas was 6 l/min. 
The structural properties of the SnS films were characterized by X-ray diffraction (XRD) using a Rigaku Ultima 
IV diffractometer with Cu Kα radiation (λ= 1.54 Å) and Ni filter. The diffractometer was equipped with a silicon 
strip detector D/teX Ultra. All samples were scanned in the 2θ range of 10 deg – 60 deg with the scan step of 0.02. 
The average size of crystallites was calculated according to the Scherrer formula using the software on the Rigaku’s 
system (PDXL Version 1.4.0.3).  
The surface morphology, cross-sections and elemental composition of SnS films were studied with the help of a 
high resolution scanning electron microscopy and energy dispersive X-ray analysis (EDX) using a Zeiss HR 
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FESEM Ultra 55 with Bruker EDS system ESPRIT 1.8. An acceleration voltage for SEM measurements was 10 kV. 
Optical transmission spectra of the films were recorded in the wavelength range of 200- 2500 nm using UV–Vis–
NIR spectrophotometer Jasco V-670 equipped with an integrating sphere. 
3. Results and discussions 
3.1. Effect of the growth temperature 
Figure 1 presents XRD patterns of SnS films obtained by spray of 1:2 solutions. According to XRD, the films 
deposited in the temperature range of Ts= 200- 320 ˚C are composed of orthorhombic polycrystalline SnS (JCPDS 
01-083-1758) [30] as a dominant crystalline phase. However, the diffraction peaks at 2  of 18.8 , 32.8 , 35.5 , 39.7  
41.9 , 42.9 , 45.8 , 48.5 , 54.9  and 56.4  (marked with "x" in Fig. 1) are present additionally and indicate that a 
secondary crystalline phase(s) is (are) also present in the films deposited at temperatures 200- 270 ˚C. All the 
diffraction peaks marked by "x" remained unidentified as not belonging to the phases of Sn2S3, SnS2, thiourea and 
SnCl2 as precursors, or two possible intermediate complexes such as Sn(tu)Cl2 and Sn2(tu)5Cl4·2H2O [24, 25].  By 
increasing the growth temperature the reflections marked by "x" are vanishing and disappear when growing the film 
at 320 ˚C.  
Diffractograms of the films deposited at 370 ˚C and 410 ˚C do not show diffraction peaks characteristic of SnS. 
Peaks located at 2  of 15.0 , 31.6  and 44.0  correspond to the SnS2 phase (JCPDS 01-089-2028), and those at 2  of 
26.5 , 33.8  and 51.3  belong to the SnO2 phase (JCPDS 01-077-0452).  
Our results here differ from that reported in literature by Sajeesh et al. [18] for the films deposited by spray of 
solutions with Sn:S of 1:2. According to the results in [18], Sn2S3 is the main crystalline phase in the films grown at 
temperatures below 300 ˚C, SnS is the crystalline phase in the films grown at around 370 ˚C, while SnS2 phase 
forms in addition to SnS when growing the film above 400 ˚C.   
 
 
Fig.1. XRD patterns of SnS films grown at Ts= 200-410 ˚C using the precursors molar ratio of Sn:S=1:2 in the spray solution. The peaks marked 
with (hkl) indexes belong to SnS phase (JCPDS 01-083-1758) [30], « » belong to SnO2 phase (JCPDS 01-077-0452), «♦» belong to SnS2 phase 
(JCPDS 01-089-2028), the peaks marked by «x» remained unidentified. 
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The diffraction peak intensities are weakening with increasing the substrate temperature (Fig.1) as thinner films 
are formed at higher growth temperatures (see Table 1). Observation that thinner films are obtained at higher growth 
temperatures is a common characteristic of sprayed films [28]. At the same time, the diffraction peaks become wider 
indicating a decrease in crystallite sizes.  The crystallite sizes of SnS phase, calculated from the full width at half 
maximum (FWHM) of the (040) diffraction peak, are presented in Table 1. By increasing the Ts from 200 to 320 ˚C 
the mean crystallite size decreases from 25 nm to 6 nm. Sajeesh et al. [18] also observed a slight decrease in the SnS 
crystallite size using higher deposition temperatures. Usually crystallite sizes in sprayed films are increasing with 
the deposition temperature. Reverse effect observed in sprayed tin sulfide films could be explained by the formation 
of secondary phase(s), which retard the growth of SnS crystallites. Although XRD does not show presence of 
crystalline oxidized phases in the film grown at 235- 320 ˚C, a relative increase in oxygen content is recorded in the 
films grown at higher temperatures (see Table 1).  
In order to clarify the cause of oxide phase formation at 370 and 410 ˚C, the film grown at 200 ˚C from 1:2 
solutions was annealed for one hour at 350 and 425 ˚C in air. 
Fig. 2 presents XRD patterns of as-deposited and annealed in air SnS films. As-deposited film grown from 1:2 
solution is composed of SnS phase and contains a secondary phase (marked by "x") as discussed above. The films 
annealed at 350 ˚C are composed of SnS as a main phase, diffraction peaks characteristic of Sn2S3 phase (JCPDS 
01-075-2183) [30] can be also detected on the XRD pattern. Diffractogram of the film annealed at 425 ˚C confirms 
continual presence of SnS and Sn2S3 and SnO2 phases. Interestingly, although the intensities of diffraction peaks of 
an unidentified phase weaken with temperature, the peaks assigned to that are still present on the XRD pattern of the 
sample annealed at 425 ˚C. This experiment shows that the formation of SnO2 phase in the films deposited at 370 ˚C 
and 410 ˚C is not caused by the oxidation of the SnS film. Obtained result is similar to that reported by Otto et al. 
[27] for sprayed indium sulfide. Namely, it was found that the oxidation of In2S3 phase was not responsible for the 
formation of indium oxide phase in the films deposited by spray at 410 ˚C as annealing of thin In2S3 films at 450 ˚C 
in air did not cause formation of metal oxide. 
 
 
Fig.2 XRD patterns of SnS films grown at Ts= 200 ˚C using the precursors molar ratio of Sn:S=1:2 in the spray solution, and after annealing the 
films at 350 ˚C and 425 ˚C in air. The peaks marked with with (hkl) indexes belong to SnS phase (JCPDS 01-083-1758), «♥» belong to Sn2S3 
(JCPDS 01-072-7600), « » belong to SnO2 and peaks marked by «x» remained unidentified. 
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3.2. Effect of Sn:S ratio  
3.2.1. Structural analysis 
Figure 3 compares XRD patterns of SnS films obtained by spray of 1:1, 1:2, 1:4 and 1:8 solutions at 200 ˚C. 
Very similar diffractograms were recorded for the films deposited at 270 ˚C (not presented here). According to 
XRD, the films are composed of polycrystalline orthorhombic SnS phase (PDF 01-083-1758) [30] as a dominant 
crystalline phase independent of the Sn:S ratio in the spray solution. Secondary crystalline "x" phase(s) is (are) also 
present, being less visible in the case of 1:1 film. 
The films deposited by spray of 1:1 solutions significantly diverge from that reported in literature. Koteeswara 
Reddy et al. [12, 17, 22] showed that films obtained by spray of 1:1 solutions at temperatures up to 300 ˚C were 
composed of a mixture of Sn2S3, SnS2 and SnS phases. SnS was not the dominating phase in films grown below 300 
˚C. Lopez et al. [16] reported that the Sn2S3 phase is present in sprayed films grown at temperatures below 320 ˚C. 
It can be seen that gradually increasing thiourea amount in the spray solution leads to more intense diffraction 
peaks which is in correspondence with increased film thicknesses (See Table 1). The result that thicker tin sulfide 
films are formed from thiourea-rich solutions seems surprising as similar amount of cation was used in these 
experiments.  Based on the results of the studies on sprayed indium sulfide films [27, 28] it can be speculated that 
larger amount of thiourea holds back escape of metal source.  Further studies are needed to confirm this hypothesis. 
Comparison of diffractograms with powder reference (PDF 01-083-1758) [30] shows that the crystallites in 
sprayed films are preferentially oriented. The (111) diffraction peak is the strongest peak for SnS powder, the (021) 
diffraction peak is the most intensive for sprayed films (Fig.3). The ratios of the intensities of the (021) and (111) 
diffraction peaks (I(021)/I(111)) are 3.4, 3.7, 13.5 and 13.4 for 1:1, 1:2, 1:4 and 1:8 films, respectively. For the powder 
reference, the I(021)/I(111) is 0.49. Thus, the SnS crystallites in the films grown at Ts= 200 ˚C are preferably grown 
along the (021) plane parallel to the substrate independent of the Sn:S ratio in the spray solution, however, preferred 
orientation is more pronounced in the films deposited from thiourea-rich solutions.  
 
 
Fig.3. XRD patterns of films grown at Ts= 200 ˚C using the precursors molar ratio of Sn:S=1:1, 1:2, 1:4 and 1:8  in the spray solution. The 
diffraction peaks marked with (hkl) indexes belong to SnS phase (JCPDS 01-083-1758), the peaks marked by «x» remained unidentified. 
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Fig.4. XRD patterns of films grown at Ts= 370 ˚C using the precursors molar ratio of Sn:S=1:1, 1:2 and 1:4 in the spray solution. The peaks 
marked with (hkl) indexes belong to SnS phase (JCPDS 01-083-1758), « » belong to SnO2 (JCPDS 01-077-0452) and «♦»belong to SnS2 
(JCPDS 01-089-2028) phases. 
The SnS crystallite sizes in the films grown at 200 and 270 ˚C by spraying solutions with different Sn:S molar 
ratios are presented in Table 1. The mean crystallite size is larger in the films deposited at 200 or 270 ˚C using 
thiourea-rich solutions (Sn:S=1:4, 1:8) compared to the films deposited from 1:1 and 1:2 solutions. As an example, 
the crystallite sizes of the SnS phase grown at Ts 200 ˚C from 1:1, 1:2, 1:4 and 1:8 solutions are 17, 24, 28 and 35 
nm, respectively (Table 1). For all the films a decrease in crystallite size is observed when increasing the deposition 
temperature as already discussed above. 
The effect of use thiourea-rich solutions on phase composition becomes distinct at higher growth temperatures. 
XRD patterns of the films formed Ts= 370 ˚C using the precursor molar ratio of Sn:S=1:1, 1:2  and 1:4  in the spray 
solution are shown in Fig.4. Films prepared from 1:1 solutions are of SnO2. Spray of 1:2 solution results in the film 
composed of a mixture of SnS2 and SnO2 phases, and spray of 1:4 solution results in the film composed of a mixture 
of SnS and SnS2 phases. This result clearly indicates that the precursors’ molar ratio in the spray solution controls 
the phase composition of sprayed films.   
3.2.2. Morphology and elemental composition 
Figure 5 compares the surface morphology and cross-section views of SnS films grown at 200 ˚C and 270 ˚C 
from 1:1, 1:2, 1:4 and 1:8 solutions. The surface of the SnS film deposited at 200 ˚C from 1:1 solution  is more 
porous and is composed of agglomerates of the grains however the films deposited from 1:4 and 1:8 solutions show 
more homogeneous and compact structure with separately standing grains with the size of ca 25-35 nm. The surface 
morphology of the films grown at 270 ˚C from 1:1, 1:2, 1:4 and 1:8 solutions become more porous and consist of 
larger agglomerates of the grains compared to the films grown at 200 ˚C. According to the SEM cross-sectional 
views, the thickness of the film obtained from solution with low amount of thiourea was less compared to the films 
obtained from solutions with higher amount of sulfur resource (Table 1).  
According to EDX analysis (Table 1) the elemental composition (Sn, S, O and Cl) of the films varied with the 
increase of substrate temperature and amount of thiourea in the spray solution.  
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Fig.5. SEM images of films deposited on glass substrate from 1:1, 1:2, 1:4 and 1:8 solutions at Ts= 200 ˚C  and Ts= 270 ˚C. The scale bar is 
500 nm on the cross-sectional image of the film deposited from 1:1 solution at 270 ˚C. 
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Table 1. Elemental composition (Sn, S, O and Cl, in at %) according to EDX, film thickness (t), crystallite size (D) and optical bandgap   (Eg) of 
SnS films deposited at various growth temperatures (Ts) and the precursors (SnCl2 and thiourea) molar ratio (Sn:S) in the spraying solution. 
 
Sn:S  Ts (°C) Sn (%) S (%) Cl (%) O (%) t(nm) Eg (eV) D (nm) 
1:1 
200 34 18 7 41 445 2.1 17 
270 31 12 3 54 290 2.6 9 
1:2 
200 33 24 5 38 1160 1.9 25 
235 35 21 5 39 1050 1.9 17 
270 32 18 2 48 480 2.2 14 
 320 28 15 1 56 370 2.4 9 
1:4 
200 36 28 3 33 750 1.9 28 
270 33 23 1 43 610 2.1 15 
1:8 
200 35 34 2 29 1030 1.8 35 
270 34 33 1 32 1020 1.9 23 
 
By increasing the deposition temperature Ts from 200 ˚C to 270 ˚C,  relative amount of S content decreases and of 
oxygen content increases independent of the Sn:S ratio in the spray solution, and indicates the loss of sulfur.  
The elemental composition of the sprayed films does not correspond to that of pure SnS phase. Deficiency of 
sulfur and high excess of oxygen in the films refers to the presence of oxidated phases. However, this effect is less 
pronounced in the films grown by spray of solutions containing higher amount thiourea (Sn:S=1:4 and 1:8). Thus, 
the amount of sulfur source (thiourea) in the spray solution has an effect on the content of oxygen and sulphur in 
sprayed films. Further studies are needed to explain this phenomenon. The chlorine content in the films decreases by 
increasing both Ts and amount of thiourea. 
3.2.3. Optical properties  
SnS films deposited at T= 200 ˚C from 1:4 and 1:8 solutions show the total optical transmittance around 70 % in 
the visible and near-infrared spectral region (Fig. 6). The total optical transparency increased slightly using lower 
amount of thiourea in spraying solutions. At the same time the number of interference fringes on the spectra of the 
films deposited from 1:1 and 1:2 solutions is lower compared to the films sprayed from 1:4 and 1:8 solutions. Thus, 
films obtained by spray of thiourea rich solutions are thicker. The film thicknesses calculated from the total 
transmittance spectra using the refractive index n= 2 at 1000 nm wavelength [14] and measured from the SEM 
cross-sectional images (Fig.5) were similar. It can be clearly seen that at similar growth temperatures, thickness of 
the films from 1:4 solutions was approximately twice higher than from 1:1 solutions (Table 1).  The absorption edge 
shifted from lower wavelength region to higher wavelengths by increasing the amount of thiourea in the spray 
solution. Eg values were calculated from total transmittance spectra using the following well-known equation: 
)()( EghAh n                                                                                                                              (1), 
where A is the constant which is independent from the photon energy, h is the Planck constant, Eg is a bandgap 
energy, hυ is the incident photon energy, and n=2 for the direct transitions probability. The Eg values were found by 
extrapolating the straight-line portion of the (αhυ)2 versus hυ graph to a zero absorption coefficient value. Optical 
bandgap values of films deposited by spraying 1:8 and 1:4 solutions at temperatures below 300 ˚C are lower than 
bandgap values of the films from 1:1 and 1:2 solutions. As an example, Eg values of the films deposited at Ts 270 
˚C from 1:8, 1:4, 1:2 and 1:1 solutions were 1.9, 2.1, 2.2 and 2.6 eV, respectively (Table 1). Comparing EDX results 
and results obtained from the total transmittance spectra measurements, it can be explained by formation of another 
oxygen contained phase with higher Eg values. According to the literature results, the optical bandgap values of the 
films prepared by spray of 1:1 or 1:2 solutions in the temperature interval of 350-375 ˚C were around 1.33 eV [10, 
12, 18].  
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Fig.6. Total transmittance spectra of SnS films prepared from 1:1, 1:2, 1:4 and 1:8 solutions at 200 ˚C. 
At the same time, bandgap values of the films deposited at temperatures below 300 ˚C or higher than 400 ˚C were 
around 2 eV. It has been explained by formation of Sn2S3 or SnS2 phases at temperatures below 300 ˚C and SnO2 at 
temperatures over 400 ˚C [10, 12, 13]. 
4. Conclusions 
In this study SnS films were deposited by the pneumatic spray pyrolysis method using aqueous solutions 
containing SnCl2 (Sn) and thiourea (S) with Sn:S molar ratios of 1:1, 1:2, 1:4 and 1:8 at growth temperatures Ts= 
200- 410 ˚C in air. Films grown in the temperature range of 200 – 270 ˚C are composed of SnS as a dominant phase 
with preferred orientation of crystallites along the (021) plane parallel to the substrate independent of the Sn:S molar 
ratio in the spray solution. Secondary unidentified phase(s) is (are) also present in the films being less visible in the 
case of 1:1 solutions. SnS crystallite size decreases but oxygen content increases with the deposition temperature.   
At similar growth temperatures, spray of solutions with higher content of thiourea in the spray solution leads to 
thicker films with larger SnS crystallites, decreased chlorine and oxygen content and resulted in the films with lower 
bandgap. The effect of the precursors molar ratio becomes evidential growing the films at 370 ˚C. According to 
XRD, films prepared from 1:1 solutions are of SnO2, spray of 1:2 solution leads to a mixture of SnS2 and SnO2 
phases, and spray of 1:4 solution results in the film composed of a mixture of SnS and SnS2 phases. In order to 
obtain better understanding of the effect of thiourea excess in spray solution on the film properties, the process 
chemistry studies are in progress. 
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